In this work, we report a first-principles investigation of the energetics, structures, electronic properties, and core-level shifts of NO adsorption on the Pt͑111͒ surface. Our calculations are based on density functional theory within the framework of the ultrasoft pseudopotential plane-wave and the all-electron projected augmented-wave methods. We found that at 0.25, 0.50, and 0.75 monolayer, NO adsorbs preferentially in the fcc, fcc+ top, and fcc+ top+ hcp sites, respectively. The geometric parameters, adsorption energies, vibrational frequencies, and work-function changes are in good agreement with the experimental data. The interaction between NO and Pt͑111͒ was found to follow a donation-back-donation process, in which the NO states donate electrons to the substrate Pt d states, while the substrate Pt d states back donate to the NO states. Though there is an overall net charge transfer from the substrate to the NO adsorbate regardless of the adsorption sites and coverages, the spatial redistribution of the transferred electron is site dependent. The charge accumulation for NO in the top sites occurs closer to the surface than NO in the hollow sites, which results in the reduction of the Pt͑111͒ surface work function for the top NO but an increase for the hollow NO. The core-level shifts of the topmost surface Pt atoms coordinated with top and hollow NO molecules at different coverages are in excellent agreement with experiments. In contrast, the N 1s core-level shifts between top and hollow NO ͑ϳ0.7 eV͒ deviated significantly from the zero shift found in experiments. Our analysis indicates that the difference may come from the thermal vibration and rotation of adsorbed NO on the Pt͑111͒ surface.
I. INTRODUCTION
Transition-metal ͑TM͒ particles of Pt, Pd, and Rh supported on oxide surfaces are some of the main components of automotive three-way-catalyst devices, which are used to decrease pollutants from combustion exhausts. 1 Among them, carbon monoxide ͑CO͒, partially burned hydrocarbons, nitrogen oxides ͑NO x ͒, and mostly NO are considered the most common pollutants ͑see Ref. 2 and references therein͒. The identification of the bonding strength and adsorption site preferences of the mentioned molecular species on TM surfaces is crucial in obtaining an atom-level picture of catalytic activities. The adsorption of NO on the Pt͑111͒ surface has been widely addressed in experimental [3] [4] [5] [6] [7] [8] [9] [10] and theoretical studies, [11] [12] [13] [14] [15] [16] [17] however, even for this apparent "simple" and well-defined system, several questions remain open and in debate. In this work, we will report a systematic investigation of the adsorption of NO on the Pt͑111͒ surface employing first-principles calculations.
The adsorption of NO on Pt͑111͒ has been characterized experimentally by low-energy electron diffraction ͑LEED͒, 3, 4 dynamical LEED-IV, 8 scanning tunneling microscopy ͑STM͒, 6, 7 high-resolution electron energy-loss spectroscopy ͑HREELS͒, 7 near-edge x-ray absorption fine spectroscopy ͑NEXAFS͒, 5, 10 and temperature programmed x-ray photoelectron spectroscopy ͑XPS͒. 9 These studies found that adsorbed NO forms commensurate ͑2 ϫ 2͒ structures on Pt͑111͒ at coverages ͑⌰ NO ͒ of 0.25, 0.50, and 0.75 monolayer ͑ML͒, which are stable up to about 320, 275, and 190 K, respectively. 9 For 0 Յ⌰ NO Յ 0.25 ML, NO is found to adsorb preferentially at the threefold fcc sites, noted as ͑2 ϫ 2͒-NO͑fcc͒, and there are no evidences for the occupation of the top sites. First-principles calculations 12 obtained that the fcc and hcp sites differ slightly in energy, while the top site is rather unfavorable. Thus, one would expect that the hcp site would be occupied by NO for coverages larger than 0.25 ML. However, no experiments confirmed this so far. Instead, NO adsorption in the top site was found. For example, for ⌰ NO Ͼ 0.25 ML, NO populates gradually the top sites and forms the ͑2 ϫ 2͒-2NO͑fcc+ top͒ structure at ⌰ NO = 0.50 ML. For ⌰ NO Ͼ 0.50 ML, NO adsorbs to the hcp sites and forms the ͑2 ϫ 2͒-3NO͑fcc+ top+ hcp͒ structure at 0.75 ML. The structure models, namely, ͑2 ϫ 2͒-NO͑fcc͒, ͑2 ϫ 2͒-2NO͑fcc+ top͒, and ͑2 ϫ 2͒-3NO͑fcc+ top+ hcp͒, are supported by the first-principles calculations. [11] [12] [13] [14] [15] [16] [17] We want to point out that the mechanism that drives the occupation of the top sites by NO at coverages higher than 0.25 ML remains unclear. Aizawa et al. 12 suggested that the relaxations of the topmost Pt͑111͒ layers determine the stability of the fcc+ top structure at 0.50 ML, however, only modest variation of the interlayer spacing induced by NO adsorption ͑about 1% to 3%͒ was reported in that work.
Recently, Zhu et al. 9 studied the adsorption of NO on Pt͑111͒ using XPS and the core-level shifts ͑CLSs͒ of the Pt 4f, O 1s, and N 1s states were obtained as a function of the NO coverage. In comparison to Pt 4f state of the clean Pt͑111͒ surface, a positive CLS of 0.2 eV was found at low NO exposures. With increase of the NO exposures, a second peak at higher binding energy of 0.5 eV appears. Meanwhile, two O 1s peaks with difference of 1.7 eV were found and in contrast only one N 1s peak was found. When the Pt͑111͒ surface was saturated by NO molecules, two Pt 4f peaks with CLS of 0.5 and 0.7 eV were found and the peak of 0.2 eV found at low coverage disappears. Correspondingly, the difference between two O 1s peaks decreases to 1.4 eV, but no discernible shift for N1s was found again.
The measured CLSs were interpreted by Zhu et al. 9 based on the available structure models mentioned above. The CLS results obtained for Pt 4f states and its dependence on the NO coverage can be well explained, however, the single N 1s level, which is constant regardless of the NO coverages, cannot be explained by those available models. For example, in the fcc+ top configuration the N atoms have different coordination environments, i.e., threefold ͑fcc͒ and onefold ͑top͒ coordinated with the Pt atoms. Thus, the zero CLS of N 1s states is surprising as it is well known that CLS is very sensitive to the structure. [18] [19] [20] [21] [22] [23] [24] [25] Therefore, these discrepancies indicate that further analysis of the NO/Pt͑111͒ system is required, in particular, explicit CLS calculations by first-principles calculations are required, which has not been reported so far.
In this work, we performed an extensive density functional theory ͑DFT͒ investigation of the structure, energetics, and CLS of the NO/Pt͑111͒ system at coverages of 0.25, 0.50, and 0.75 ML. Our results are in excellent agreement with available experimental results and a simple picture is suggested for the interaction of NO with Pt͑111͒ surface. The CLS results of the Pt 4f states are well described by our calculations at different NO coverages, however, we found a large CLS of the N 1s states between top and hollow sites ͑ϳ0.7 eV͒, irrespective of the coverage, which is in contrast to the zero ͑0 eV͒ shift found in XPS experiments. Our analysis indicates that the differences between our DFT calculations and the XPS measurements for the particular case of N and O1s states may come from temperature effects. The rest of the paper is organized as follows. In Sec. II, we summarize the computational details. The structure and energetics are summarized in Sec. III while CLS results are analyzed in Sec. IV. In Sec. V, our main conclusions are summarized. Benchmark calculations are summarized in the Appendix.
II. THEORETICAL APPROACHES AND COMPUTATIONAL DETAILS
Spin-polarized calculations were performed using DFT ͑Refs. 26 and 27͒ within the generalized gradient approximation ͑GGA͒-Perdew-Burke-Ernzerhof ͑PBE͒ without statement otherwise. 28 The Kohn-Sham equations were solved using the ultrasoft-pseudopotential ͑USPP͒ plane-wave method, 29 as implemented in the DACAPO package. 30 For the CLS calculations, the relaxation of the core electrons, which may be important for open shell molecules NO, is not considered explicitly in USPP-DACAPO package. To include the relaxation of core electrons explicitly, we performed allelectron projected augmented-wave ͑PAW͒ calculations, 31, 32 as implemented in the Vienna Ab initio Simulation Package ͑VASP͒. 33, 34 Our USPPs were generated using Vanderbilt's USPP generator with core cutoff radii r c N = 0. VASP were used, which contains the same valence configuration as used for the USPPs. For the plane-wave expansion, cutoff energies of 350 eV ͑USPP͒ and 400 eV ͑PAW͒ were used, while for the Brillouin-zone integration, we employed for both methods the ͑12ϫ 12ϫ 1͒ and ͑6 ϫ 6 ϫ 1͒ Monkhorst-Pack k-point grids for the ͑1 ϫ 1͒ and ͑2 ϫ 2͒ unit cells, 35 respectively.
The Pt͑111͒ surfaces were modeled using the repeated slab geometry, in which a seven-layer slabs are separated by a vacuum region of 16 Å. NO molecules were adsorbed on both sides of the slab. For all surface calculations, we used the theoretical equilibrium lattice constant of bulk Pt in the face-centered cubic structure, a 0 . We found a 0 = 4.00 Å ͑USPP͒ and 3.98 Å ͑PAW͒, while the experimental value is 3.92 Å, 36 i.e., overestimated by 2.0% ͑USPP͒ and 1.5% ͑PAW͒, as found commonly in DFT-GGA calculations. 30, [37] [38] [39] As we will show below, NO adsorbed in the top sites are tilted away from the normal direction. To understand the role of the titled angle in the adsorption properties, we employed the nudged elastic band ͑NEB͒ method to obtain the minimum-energy path from the tilted to the perpendicular configuration. [40] [41] [42] For all calculations, the NO molecules and the topmost two Pt layer were relaxed by minimizing the atomic forces up to 0.02 eV Å −1 . All results reported below are obtained with the USPP-DACAPO without statements otherwise.
III. RESULTS AND DISCUSSION
Experimental studies 3, 4, [6] [7] [8] [9] have observed the formation of the ͑2 ϫ 2͒-NO͑fcc͒, ͑2 ϫ 2͒-2NO͑fcc+ top͒, and ͑2 ϫ 2͒-3NO͑fcc+ top+ hcp͒ structures for NO/Pt͑111͒ at ⌰ NO = 0.25, 0.50, and 0.75 ML, respectively ͑see Fig. 2͒ . Therefore, in this work, we considered only NO adsorption in ͑2 ϫ 2͒ structures. Our calculations show that the N-end down configuration ͓N binds to the Pt͑111͔͒ is about 2.0 eV lower in energy than O-end configuration, which is consistent with experimental results. 3, 4, 8 In the following, only N-end down configurations were considered. Calculations were performed for ⌰ NO = 0.25, 0.50 and 0.75 ML, in which the NO molecules are adsorbed at the high-symmetry sites, namely, fcc, hcp, top, and bridge for 0.25 ML ͑see Fig. 2͒ , as well as on the combinations among the adsorption sites ͑fcc+ hcp, fcc+ top, fcc+ top+ hcp, etc.͒ at higher coverages.
A. Clean Pt(111) surface and NO in gas phase
Clean Pt(111) surface
We found a slight expansion of the topmost interlayer spacing, ⌬d 12 = + 1.05%, while the second interlayer spacing, ⌬d 23 , contracts by −0.15% compared to the truncated bulk Pt͑111͒ interlayer spacing ͑d 0 = 2.31 Å͒. These results are in good agreement with previous DFT-GGA calculations, e.g., ⌬d 12 = + 1.14%, 39 +0.94%, 43 ⌬d 23 = −0.29%, 39 as well as with LEED studies, e.g., ⌬d 12 = + 1.0Ϯ 0.1%, 44 +0.9− + 1.1%. 8 We found a work function, ⌽, of 5.75 eV, which deviates by less than 0.10 eV from previous DFT-GGA results, e.g., 5.69 eV ͑Ref. 39͒ and 5.80 eV, 45 and it is in good agreement with experimental results. [46] [47] [48] 
NO in gas phase
We obtained an equilibrium bond length of 1.18 Å, which is 2.6% larger than the experimental value of 1.15 Å ͑Ref. 49͒ and in good agreement with previous calculations ͑1. 17 12 The DFT-PBE electronic structure of NO is shown in Fig. 3͑c͒ , in which both highest occupied molecular orbital ͑HOMO͒ and lowest unoccupied molecular orbital ͑LUMO͒ are ‫ء‬ states. Electronic states obtained by hybrid DFT within the PBE0 functional, [50] [51] [52] [53] in which 25% of exact nonlocal exchange is added to the PBE functional, are also shown ͓Fig. 3͑b͔͒. As expected, PBE underestimates the HOMO-LUMO gap compared to the PBE0 result.
B. Energetics
The adsorption energies are calculated as an average over different adsorption sites, E ad ave , or energy gain of the specific adsorption site with respect to the preadsorbed NO, so-called differential adsorption energy, 54 ,55 E ad diff . The average adsorption energy is given by
where E tot NO/Pt͑111͒ , E tot Pt͑111͒ , and E tot NO are the total energies of NO/Pt͑111͒, clean Pt͑111͒ surface, and NO in gas phase, respectively. N NO is the number of NO in the ͑2 ϫ 2͒ unit cell, in which NO molecules are adsorbed symmetrically on both sides of the slab. The differential adsorption energy of NO in the top at 0.50 ML, ͑2 ϫ 2͒-2NO͑fcc+ top͒, is calculated as follows:
For ⌰ NO = 0.25, the average and differential adsorption energies have the same value. The calculated E ad ave and E ad diff for the configurations shown in Fig. 2 ͑Color online͒ NO adsorption structures on Pt͑111͒ in the ͑2 ϫ 2͒ unit cell ͑indicated by dashed lines͒ for different coverages and configurations. The Pt, N, and O atoms are indicated by large ͑light blue͒ balls, small blue, and red balls, respectively. The relative energy differences between different structures at given coverage are indicated in bracket. For 0.25 ML, we found that NO preferentially binds to the fcc site ͑E ad = −1.84 eV͒, which is 0.13 and 0.39 eV lower in energy than the hcp and top sites, respectively. For 0.50 ML, the fcc+ top configuration has the lowest energy ͑E ad ave = −1.60 eV͒, which is 0.05, 0.10, and 0.13 eV lower in energy than the hcp+ top, fcc+ fcc, and fcc+ hcp configurations, respectively. Similar energy differences were obtained using an unrelaxed Pt͑111͒ slab, e.g., fcc+ top is 0.11 eV lower in energy than the fcc+ fcc structure. Thus, the relaxations of the topmost interlayer spacings cannot explain the stability of the fcc+ top configuration, which is in contrast with Aizawa et al. 12 suggestion. The origin of the fcc+ top preference will be discussed later. For fcc+ top+ hcp at 0.75 ML, we found E ad ave = −1.41 eV. We noticed that the average adsorption energies decrease with the increase in the coverage, which indicates that there is a lateral repulsion between the adsorbates.
The adsorbate lowest energy structures, namely, fcc at 0.25 ML, fcc+ top at 0.50 ML, and fcc+ top+ hcp at 0.75 ML are in excellent agreement with experimental results. 3, 4, [6] [7] [8] [9] [10] In this context, we note that the site preference for CO/ Pt͑111͒ at low coverage cannot be predicted correctly by DFT-GGA calculations ͑see Ref. 56 and references within͒. Thus, even that NO and CO differ only one electron, the performance of DFT-GGA to describe NO/Pt͑111͒ is very different. To our best knowledge, explicit measurements of NO adsorption energies on Pt surfaces are only available for NO/Pt͑110͒. Using microcalorimetric method, Wartnaby et al. 57 reported −1.66 eV for ⌰ NO Ͻ 0.25 ML and −1.45 eV for ⌰ NO Ϸ 0.67 ML, which are inline with our calculations ͑−1.84 and −1.41 eV at coverage of 0.25 and 0.75 ML͒.
The differential adsorption energies at 0.75 ML show the following trend, ͉E ad diff ͑top͉͒ Ͼ ͉E ad diff ͑fcc͉͒ Ͼ ͉E ad diff ͑hcp͉͒. Namely, NO in the hcp sites is the least stable, and would desorb first with increase of the temperatures. This gives rise to the formation of the fcc+ top configuration at 0.50 ML, in which there is a change in the order of the differential adsorption energies, ͉E ad diff ͑top͉͒ Ͻ ͉E ad diff ͑fcc͉͒. Thus, further heating of NO/Pt͑111͒ desorbs NO from the top sites and finally NO from the fcc sites ͑0.25 ML͒ desorb with clean Pt͑111͒ left. Thus, the differential adsorption energies for hcp NO ͑1.03 eV, 0.75 ML͒, top NO ͑1.36 eV, 0.50 ML͒, and fcc NO ͑1.84 eV, 0.25 ML͒ agree well with distinct TPD peaks found in experiments. 8, 9 Our adsorption energy results are in good agreement with the results reported in Ref. 15 , except that Ford et al.
14 found an adsorption energy of −0.81 eV for top NO at 0.25 ML due to the perpendicular configuration employed in their study. The present results are slightly different previous results, 11, 12, 15, 16 which are mainly due to the differences in computational parameters. For example, three-layer slab was used in Ref. 15 . Furthermore, the revised PBE ͑RPBE͒ functional yields smaller adsorption energies than the PW91 and PBE functionals, e.g., smaller by about 0.50 eV. 30 Nevertheless, all these calculations give exactly same site preference order. We note that the tilted top NO configuration was also obtained in previous NO/Pt͑111͒ studies 12, 13, 15, 16 and NO/ Pd͑111͒ at 0.25ML.
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C. Geometric parameters
The geometric parameters defined in Fig. 4 are summarized in Table II along with the recent LEED results for comparison. 8 The Pt͑111͒ surface is only slightly disturbed by NO, e.g., ⌬d 12 changes from +1.05% ͑clean surface͒ to +1.14 to + 2.63%, while the buckling parameter, ⌬ z , is 0.16 Å for all the lowest energy structures. These results are in good agreement with LEED studies, which reported ⌬d 12 = + 1.77% ͑0.25 ML͒, 3, 4, 8 and ⌬ z = 0.16 Å ͑Ref. 8͒ and 0.07 Å, 3, 4 respectively.
We found an increase in the bond length of NO, d N-O , upon adsorption compared to NO in gas phase ͑1.18 Å͒, e.g., at 0.25 ML, d N-O = 1.21 Å ͑hollow͒, and 1.19 Å ͑top͒. This result indicates an weakening of the N-O bond upon NO adsorption. The larger increasing for the hollow NO indicates a stronger interaction between the hollow NO and the substrate, which is consistent with the magnitude of the adsorption energies ͑Table I͒. The N-Pt bond lengths for NO in the hollow sites 2.10 Å are significantly larger than that in the top sites ͑1.96 Å͒ due to their different coordination numbers. As can be seen in Table II , our results are in excellent agreement with the LEED measurements at 90 K. 8 For all structures, NO in the hollow sites are nearly perpendicular to the surface, i.e., tilted ͑␣͒ angle smaller than 0.1°-2.5°, which is in good agreement with LEED results. 3, 4, 8 In contrast, NOs in the top sites are tilted significantly from the normal direction, e.g., 52.5°͑0.25 ML͒, 50.2°͑0.50 ML͒, and 45.7°͑0.75 ML͒. We noticed that ␣ decreases with increase of the coverage, however, LEED reported a slight increase in the tilted angle of NO in the top sites, e.g., 49.3°͑0.50 ML͒ and 50.5°͑0.75 ML͒. 8 It is important to point out that near-edge x-ray absorption fine spectroscopy studies suggested that NO in the hollow sites are tilted by 20Ϯ 5°at 290 K and 0.25 ML, 10 which is in contrast with DFT calculations at zero temperature and LEED studies at 90 K. Table II.   TABLE II tilted by 50Ϯ 10°͑Ref. 10͒ and 52Ϯ 3°. 8 Thus, those discrepancies between NEXAFS and LEED/DFT calculations indicate a dependence of the NO vibration and rotation on the temperatures.
D. Vibrational frequencies
The vibrational frequencies summarized in Table III 
E. Work function
The change of the work function induced by the adsorption of NO on Pt͑111͒ is discussed here. The magnitude and sign of ⌬⌽ can be used to obtain the direction and extent of the electron redistribution. The ⌬⌽ results are summarized in Table IV . The electronegativities of O and N atoms are significantly larger than that of the Pt atoms, e.g., Pauling electronegativities are 3.44, 3.04, and 2.28 for O, N, and Pt atoms respectively, and hence, a positive ⌬⌽ is expected on NO adsorption. 63 This is indeed found for NO in the hollow sites at 0.25 ML, e.g., ⌬⌽ = 0.36 eV ͑fcc͒ and 0.24 eV ͑hcp͒. 
FIG. 5. ͑Color online͒ Planar average electron-density differences
⌬ ͑z͒ and electron-density differences ⌬ ͑r͒ along ͑211͒ planes for NO adsorbed on the ͑a͒ fcc, ͑b͒ top ͑tilted͒, and ͑c͒ top ͑perpendicular͒ sites at 0.25 ML. Cyan to blue ͑yellow to red͒ indicates the depletion ͑accumulation͒ of electron density. N, O, and Pt atoms are indicated by blue, red, and dark gray spheres, respectively. The unit is Å −1 for ⌬ ͑z͒ and Å −3 for ⌬ ͑r͒.
However, it does not hold for NO in the top sites at 0.25 ML, for which we obtained ⌬⌽ = −0.35 eV, i.e., a reduction of the work function. For perpendicular top NO, ⌬⌽ = −1.00 eV. The opposite sign of ⌬⌽ for NO in the hollow and top sites at 0.25 ML comes from their different charge redistribution induced by adsorption, as discussed below. The above results rationalize the variation of work function for NO adsorption at high coverages. For example, at 0.50 ML, ⌬⌽ = 0.03 eV ͑fcc+ top͒, which was found typically for physisorption systems such as Xe adsorption on graphite ͑⌬⌽ = 0.10 eV͒, 64 but not for chemisorption systems such as NO/Pt͑111͒ with a significant binding energy of −1.60 eV/ NO for the fcc+ top configuration. The small value of ⌬⌽ fcc+top is a result of the superposition over the adsorption of NO in the fcc and top sites, e.g., ⌬⌽ fcc + ⌬⌽ top = 0.01 eV. The same applies for the fcc+ top+ hcp configuration, i.e., ⌬⌽ fcc+top+hcp = 0.19 eV, while we obtained 0.25 eV from the sum of the work functions for NO in the fcc, top, and hcp sites at 0.25 ML.
F. Electron-density differences
To obtain insights into the mechanisms that yield a sitedependent work-function change, we analyzed the electron redistribution on NO/Pt͑111͒. The electron-density differences, ͓ ⌬ ͑r͒ = NO/Pt͑111͒ ͑r͒ − Pt͑111͒ ͑r͒ − NO ͑r͔͒, were calculated along with the plane ͑211͒ through the N and O atoms but perpendicular to the slab. Furthermore, we calculated also planar average electron-density differences, ⌬ ͑z͒, along the normal direction ͑z axis͒. The plots are shown in Fig. 5 for the NO in the fcc, top ͑titled͒, and top ͑perpendicular͒ sites at 0.25 ML.
The electron-density redistributions are located mainly in the topmost surface layer and adsorbed NO. For NO in the fcc sites ͓Fig. 5͑a͔͒, we observed a strong depletion and accumulation for the O p z and ͑p x , p y ͒ states, respectively. The charge redistribution on the N atoms shows a significant depletion of the N p z states. These trends can be seen from the averaged electrondensity differences shown in Fig. 5 . For example, there is strong depletion between the topmost Pt͑111͒ layer and the N layer and large accumulation at the O position for NO in the fcc sites. However, there is no pronounced depletion between the Pt͑111͒ and N layers for NO in the top sites found. Furthermore, there is a large charge increase around the N atoms. Thus, overall, the electron-density accumulation for NO in the top sites occurs near the Pt surface. To confirm this, we calculated the adsorption-induced dipole moment, , using the procedure outlined in Ref. 65 
where ⌬ ͑z͒ is the planar averaged electron-density difference shown in Fig. 5 . The integration is performed from the center of the slab to the center of the vacuum region. We found = 0.60 ͑0.26͒, −0.20 ͑−0.25͒, and −0.90 Debye ͑−0.75 Debye͒ for NO in fcc, top ͑tilted͒, and top ͑perpen-dicular͒, respectively. The induced dipole moments in parentheses were calculated for comparison using the Helmholtz equation, 66, 67 =1/ 12⌬⌽ / ⌰ NO A, where A is the area per ͑1 ϫ 1͒ surface unit cell in Å 2 . Both approaches show clearly that points downward to the surface for the fcc NO, but Fig. 6 . For 0.25 ML NO adsorption at the hollow and top sites, the deep-lying NO and are located at around −8 eV with respect to the Fermi level and show only modest hybridization with Pt substrate. There are extensive hybridizations between NO ‫ء‬ at the hollow sites and Pt in the energy range of ͓−6 to 3 eV͔, which are inline with strong bonding between NO and Pt. While for the titled top NO, the contribution from NO increases, which is expected as in the top configuration the hybridization between NO and Pt 5d z 2 is maximized. Meanwhile, the titled configuration for the top NO would facilitate the orbital hybridization between NO ‫ء‬ and Pt 5d xz,yz , as seen clearly in Fig. 6͑b͒ . With increase of the coverage ͑fcc+ top, 0.50 ML͒, the hybridization between adsorbed NO molecules and Pt substrates is enhanced and broadened due to the lateral interaction between the adsorbates mediated by the substrates.
To quantify the charge transfer induced by NO adsorption, we integrated corresponding NO's and PDOS up to the Fermi level. In gas phase, NO has 11 electrons in the occupied valence states, in which six occupy states and five occupy states, i.e., the highest occupied state is only half occupied. These occupations were used as reference. For 0.25 ML, the occupations of the NO orbitals are 5.47 ͑fcc͒, 5.39 ͑top͒, and 5.45e ͑hcp͒. For fcc+ top configuration at 0.50 ML, the results are 5.50 ͑fcc͒ and 5.38e ͑top͒, and 5.50 ͑fcc͒, 5.37 ͑top͒, and 5.45e ͑hcp͒ for fcc+ top+ hcp configuration at 0.75 ML, respectively. Thus, our analysis indicates clearly a pronounced charge transfer from the substrate to NO states upon NO adsorption. In contrast, the population of the NO states decreases upon adsorption. For example, we obtained 5.78 ͑fcc͒, 5.82 ͑top͒, and 5.79e ͑hcp͒ at 0.25 ML, 5.78 ͑fcc͒ and 5.82e ͑top͒ at 0.50 ML ͑fcc+ top͒, and 5.78 ͑fcc͒, 5.84 ͑top͒, and 5.81e ͑hcp͒ at 0.75 ML ͑fcc+ top + hcp͒. Thus, a charge transfer from the NO states to substrate can be recognized.
This analysis shows that the interaction between NO and Pt͑111͒ follows the donation-back-donation model, as well established for CO/Pt͑111͒. 56, [68] [69] [70] [71] [72] [73] [74] [75] [76] Our results show a modest site dependence of the magnitudes of the donated and backdonated electrons, e.g., the states donate 0.18e ͑0.25 ML, top͒ and 0.22e ͑0.25 ML, hollow͒ to the substrate. The back donation from the substrate to the NO states is 0.39e ͑0.47e͒ for the top ͑hollow͒ sites. The larger donation and back donation for NO in the hollow sites than that in the top sites are inline with its stronger bond strength with the substrate. The preference of the hollow sites also rationalizes the tilted configuration for the top NO, which would facilitate the donation and back-donation processes, as seen clearly from Fig. 6͑b͒ .
Independent of the NO coverage and adsorption sites, we found that the charge donation from NO to substrate is smaller than the back-donation process. Thus, it leads to a net charge transfer from the substrate to the adsorbate, namely, 0.25 ͑fcc͒, 0.21 ͑top͒, and 0.23e ͑hcp͒ at 0.25 ML; 0.28 ͑fcc͒ and 0.20e ͑top͒ at 0.50 ML ͑fcc+ top͒; 0.28 ͑fcc͒, 0.21 ͑top͒, and 0.26e ͑hcp͒ at 0.75 ML ͑fcc+ top+ hcp͒. Despite the overall charge transfer, the detailed charge redistributions are site dependent, as discussed in above, which determines the sign of the surface work-function change and dipole moment, correspondingly.
The mechanism proposed above also rationalizes the structures formed at higher coverage, for example, fcc+ top and/or hcp+ top configurations ͑0.50 ML͒, instead of fcc + fcc and fcc+ hcp configurations. For the latter two configurations, there is one Pt atom shared by two adsorbed NOs, which limits the amount of charge transfer from the substrate to the adsorbed NO due to the site competition. On the other hand, the opposite sign of the dipole moment between top and hollow sites minimizes the electrostatic repulsion between adsorbed NO molecules, which is not the case for the fcc+ fcc and/or fcc+ hcp configurations.
IV. CORE-LEVEL SHIFTS
The relative shift in the core-level binding energies is element specific and sensitive to the local geometries. Thus, XPS measurements of CLSs have been widely used as a fingerprint to help in the identification of the adsorbates, adsorption sites, and valence states. 18, [22] [23] [24] [25] [77] [78] [79] CLSs are calculated as the energy difference between the specific core-level binding energy of the excited atom ͑E cl i ͒ and the reference atom
In this work, the final-state approximation 23, 77 was used to calculate core-level binding energy by the total-energy difference between two configurations, namely, an excited configuration in which an electron is removed from a specific core state, E tot ͑n c −1͒, and the ground-state configuration, E tot ͑n c ͒. Thus, E cl = E tot ͑n c −1͒ − E tot ͑n c ͒, in which the core hole is assumed to remain localized in the excited atom.
The USPP and the all-electron PAW methods were used to calculate the CLSs. In the USPP method, the excited atom is described by a new USPP, which is generated by removing the target core electron from the isolated atom. 18, 22, 23, 78, 79 In the PAW method, a core electron is removed from the core by generating the corresponding core excited ionic PAW potential in the course of the calculation and remaining core states are relaxed along of the self-consistent calculation. [23] [24] [25] 33 The all-electron PAW method is expected to provide higher accuracy due to the explicit relaxation of the core electrons.
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A. CLS: Pt 4f state
The CLSs of the Pt 4f states in the topmost surface layer due to the adsorption of NO are summarized in Fig. 7 along with the experimental results. 9 The CLSs of surface Pt atoms are given with respect to the center Pt layer in the sevenlayer slab. For NO/Pt͑111͒, the Pt atoms can be divided in two groups, namely, Pt atoms coordinated with the N atoms ͑Pt NO ͒ and Pt atoms not coordinated with any N atoms ͑Pt By comparing to our calculations, these two peaks should correspond to the Pt vac and Pt atoms coordinated with NO in the hollow sites, respectively. Since NO in the fcc sites is energetically more favorable than the hcp sites ͑see Table I͒ , hence, the peak at 0.20 eV was attributed to the Pt atoms coordinated to the fcc NO, accordingly.
At 0.50 ML, the calculated CLS results for both fcc + top and hcp+ top configurations agree well with the experiment results. 9 Thus, fcc+ hcp and fcc+ fcc structures can be excluded safely as possible structures for NO/Pt͑111͒ at 0.50 ML, which is consistent with their higher energetics ͑Table I͒. The adsorption energy for hcp+ top is less favorable than fcc+ top by 0.10 eV per ͑2 ϫ 2͒ cell and hence, the former one can be excluded. The good agreement between our CLS calculations and the experiments for the Pt 4f states provides a strong support of the ͑2 ϫ 2͒-NO͑fcc͒, ͑2 ϫ 2͒-2NO͑fcc+ top͒, and ͑2 ϫ 2͒-3NO͑fcc+ top+ hcp͒ structure models as proposed by total-energy calculations. The agreement justifies further the theoretical approach employed in this work. On the other hand, the strong dependence of the CLS of Pt 4f states on the coordination indicates a dominant contribution from the initial states to the CLS, as concluded similarly for other transition-metal surfaces.
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B. CLS: N and O 1s-states
In this section, we discuss the CLS results for the N and O 1s states upon NO adsorption. The CLSs are given with respect to the NO in the fcc sites at the corresponding coverage. We found a zero shift of the N and O 1s states between fcc and hcp NOs in the fcc+ top+ hcp and fcc+ hcp configurations, which is expected as both hollow sites have the same threefold coordination. This is consistent with the experiments, 9 where only two distinct O 1s peaks were reported for fcc+ top+ hcp. Below, only the CLS for NO in the top sites with respect to the hollow sites is discussed. ͑0.75 ML͒. 9 However, we note that compared to the experiments, both N and O 1s CLSs for the top NO with respect to the fcc NO are shifted consistently to lower binding by about 0.7 eV.
Since CLS are very sensitive to the geometry, we optimized the structures using higher computational parameters to exclude possible numerical errors. The cutoff energy was increased to 450 eV and a k-point grid of ͑8 ϫ 8 ϫ 1͒ for the ͑2 ϫ 2͒ structure was employed, however, the variation is less than Ϯ0.01 eV. To exclude possible artificial Coulomb repulsion between ionic atoms introduced by the limited ͑2 ϫ 2͒ cell, larger ͑4 ϫ 4͒ unit cells were used, in which only one NO every four top NO molecules is excited. The variation of the results is modest. We check further possible excitation-induced structural change and found that the effects on the structures and CLSs are small and can be excluded too. Finally, we also test the USPP and PAW potentials used for the nitrogen atom in different N-containing molecules in gas phase including NO, NO 2 , N 2 , NH 3 , and HCN in gas phase with respect to the N 2 . The results are given in the Appendix and a good agreement with available experimental results can be found.
The large differences between calculated and measured N and O 1s states may lie in the lack of a proper description of the interaction and geometry of NO and Pt͑111͒ by present DFT-PBE and affect the CLS results, correspondingly. Indeed, the effect of the exchange-correlation functional on the adsorption has been widely discussed in literatures. For example, it is well documented that DFT-GGA yields the wrong adsorption site preference for the CO adsorption on Pt͑111͒ at lower coverages. Due to the underestimation of the LUMO CO favors artificially the hollow sites. 56, [68] [69] [70] [71] [72] [73] [74] [75] [76] Since DFT-PBE also underestimates the HOMO-LUMO energy separation for NO in gas phase ͑see Fig. 3͒ , it may affect the NO adsorption on Pt͑111͒ and corresponding geometries and CLS. Our calculations however rule out this possibility. In this context, we note first that the present DFT-PBE yields the correct NO adsorption site on Pt͑111͒ at coverages of 0.25, 0.50, and 0.75 ML and the optimized geometric parameters are in good agreement with LEED and STM results.
3,4,6-8 Furthermore, we optimized the fcc+ top configuration using four-layer slab by the hybrid-functional PBE0 as implemented in VASP 5.1. We found that the geometries are essentially same as the one obtained using the PBE functional. Specifically the tilted angle of top NO changes only by 3°. Therefore, the effect of the underestimation of the NO HOMO-LUMO gap by the PBE on CLS can be excluded. Compared to CO, the half-filled NO ‫ء‬ orbital makes the charge transfer from the substrate to NO facile and therefore the consequence of the underestimation of the NO HUMO-LUMO gas is less prominent.
As mentioned in Sec. III C, there is considerable error bar in the measured titled angle of the top NO. For example, NEXAFS studies performed at 290 K found that the hollow NO tilted angle at 0.25 ML is as large as 20°. 10 For ⌰ = 0.50 ML, experiments found that fcc NO is upright and top NO is tilted with error bar of about 10°. 3, 4, 8, 10 On the other hand, DFT calculations have been performed at absolute zero and found fcc NO is always upright. To study the possible temperature effects, we performed molecular-dynamics ͑MD͒ simulation for the fcc+ top configuration at T = 300 K. The simulations indeed show that NO in the top sites changes the tilted angle by about 10°and more important fcc NOs become tilted with angle of about 10°. The details will be discussed elsewhere.
The effects of the tilted angle of the top NO on the energy and CLS were studied by exploring the potential-energy surface using NEB, where the optimized tilted ͑50.2°͒ and perpendicular top NOs of fcc+ top configuration were used as the initial and final states. As plotted in Fig. 8 , both of the total energy and the CLS show strong dependence on the tilted angle. When ␣ varies from 50.2°to 16.4°, the total energy increases gradually, while N 1s CLS changes from −0.79 to −0.34 eV, and O 1s changes from 1.14 to 1.69 eV. These results show that the top NO with smaller tilted angles yields N and O 1s CLSs closer to the experimental values. Furthermore, our calculation shows that for perpendicular top NO, a small decrease of the distance between N and Pt yields a zero N 1s CLS, while O 1s CLS changes by 0.1 eV. At finite temperatures, adsorbed NO molecules may vibrate and/or rotate along the normal direction, as indeed found from our MD simulations. The sensitivity of the CLS versus the titled angle and the distance between NO and Pt found indicate that the discrepancy between present DFT calculations and measurements at typically room temperatures may come from the thermal motion of adsorbed molecules. To clarify this issue, XPS measurements at low temperatures would be very helpful.
V. SUMMARY
In this work, we reported a systematic DFT-PBE study of the NO adsorption on the Pt͑111͒ surface at 0.25, 0.50, and 0.75 ML. The energetically most favorable adsorption configuration with periodicity of the ͑2 ϫ 2͒ structures fcc ͑0.25 ML͒, fcc+ top ͑0.50 ML͒, and fcc+ top+ hcp ͑0.75 ML͒, as well as their geometries optimized are in excellent agreement with the experiments and previous DFT calculations. Significant redshift of the N-O stretch upon NO adsorption on Pt͑111͒ was found and compared to top NO, the redshift for the hollow NO is larger.
It was found that the bonding between NO and Pt͑111͒ follows the donation-back-donation mechanism, in which the NO states donate electrons to the substrate Pt d states, which back donate further to the NO states. There is a net charge from the substrate to the adsorbate regardless to the adsorption sites and coverages. However, electron-density differences on NO adsorption indicate that the transferred electron accumulates mainly around the nitrogen atoms for NO in the top sites, but accumulates around the oxygen atoms for NO in the fcc sites. The site dependence of the charge rearrangement explains the opposite sign of the dipole moment induced by NO adsorption in the top and hollow sites.
For NO adsorption at coverage of 0.50 ML, we found that fcc+ top configuration is favorable because the absence of the site competition, which occurs for fcc+ fcc or fcc+ hcp configurations otherwise. On the other hand, the opposite dipole moment between fcc NO and top NO minimizes the electrostatic repulsion between adsorbed NO molecules. At higher coverage, NO starts to populate the hcp hollow sites.
We found that the CLS of the Pt 4f states is very sensitive to the local geometries and the number of coordinated NO molecules. The agreement between calculated and measured CLSs of Pt 4f in the range of coverage considered is excellent. The agreement not only corroborates the structural models studied, but also justifies the methodology used, which may be generalized to more complex reaction conditions and other transition-metal surfaces. Meanwhile, there are significant difference between calculated and measured CLS for N and O 1s levels. The effects of the exchangecorrelation functional and core-hole relaxation can be excluded. Instead, our study indicates that the thermal vibration and rotation may be responsible and call for XPS measurements at low temperatures. 
